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Modiﬁable areal unit problem (MAUP)a b s t r a c t
In spatial epidemiology, the choice of an appropriate geographical unit of analysis is a key
decision that will inﬂuence most aspects of the study. In this study, we proposed and
applied a set of measurable criteria applicable for orienting the choice of geographical unit.
Nine criteria were selected, covering many aspects such as biological relevance, communi-
cability of results, ease of data access, distribution of exposure variables, cases and popu-
lation, and shape of unit. These criteria were then applied to compare various geographical
units derived from administrative, health services, and natural frameworks that could be
used for the study of the spatial distribution of campylobacteriosis in the province of Que-
bec, Canada. In this study, municipality was the geographical unit that performed the best
according to our assessment and given the speciﬁc objectives and time period of the study.
Future research areas for optimizing the choice of geographical unit are discussed.
 2013 The Authors. Published by Elsevier Ltd. Open access under CC BY-NC-SA license.1. Introduction ing regions with unexpectedly high or low incidence. InIn epidemiology, the study of the spatial distribution of
diseases has become more popular in the last decade fol-
lowing new methodological developments and ease of ac-
cess to geographical information systems. These studies
are useful for evaluating hypotheses linking disease occur-
rence to environmental determinants, but also for identify-practice, such investigations are often planned as ecologi-
cal studies and careful attention needs to be given to their
design to minimize the effects of biases, including the well-
described ecological bias and the related concept of the
modiﬁable areal unit problem (MAUP) (Waller and Got-
way, 2004). MAUP occurs when conclusions of a study con-
ducted for a given dataset are inﬂuenced by the way data
are aggregated, either in terms of scale and/or boundary
delineation. Thus, one of the most crucial elements to con-
sider during study design is the choice of a geographical
unit for analysis (Osypuk and Galea, 2007). For the pur-
poses of this study, we deﬁned a geographical framework
as a set of boundaries delineating an administrative (i.e.
census) or natural organization of the territory (i.e. wa-
tershed). These frameworks usually include different sub-
sets at various scales. The areas deﬁned by the boundary
of a geographical framework at a deﬁned scale were
termed a geographical unit.
12 J. Arsenault et al. / Spatial and Spatio-temporal Epidemiology 7 (2013) 11–24It is generally recommended that the choice of the unit
for spatial analysis should be theory-driven, with the objec-
tive of testing hypotheses about speciﬁc chains of causation
that might link disease occurrence location with potential
risk factors (Macintyre et al., 2002; Gregorio et al., 2005).
This choice is fundamental because biological and epidemi-
ological mechanisms essential to the dynamic of a disease
process at one geographical scale can be unimportant or
nonexistent at another (Gotway and Young, 2002). Despite
this recommendation, delineation of the geographical unit
for studying spatial patterns of diseases has been perceived
as a conundrum, for which an operational satisfactory solu-
tion still needs to be found (Macintyre et al., 2002; Gregorio
et al., 2005; Gauvin et al., 2007). In this context, one of the
challenges in choosing the appropriate geographical unit re-
lates to a lack of adequate conceptualization and measure-
ment of the effect of place on health (Macintyre et al.,
2002). In addition, the choice of geographical unit is often
limited by data availability, either because data on the
precise geographical location of cases are not routinely col-
lected in health-related databases or are not disclosed to
researchers for privacy protection reasons, or because pri-
mary data collection is too expensive (Macintyre et al.,
2002; Diez Roux, 2004a; Osypuk and Galea, 2007). Unit
choice also represents a compromise between having a unit
large enough to get reliable rates and not blurringmeaning-
ful local variation (Gregorio et al., 2005; Osypuk and Galea,
2007). For all of these reasons, it is recommended that the
relevance of the geographical unit be evaluated prior to
any analysis (Boscoe and Pickle, 2003; Diez Roux, 2004b;
Osypuk and Galea, 2007; Riva et al., 2008). To our knowl-
edge, there is however no guideline for this task available
in the literature.
This paper is presented in two sections. In the ﬁrst sec-
tion, we propose a set of practical criteria as a guide for the
choice of geographical unit of analysis for ecological stud-
ies of infectious diseases. In the second section, we present
an application of these criteria in the study of the spatial
distribution of campylobacteriosis in Quebec, Canada.2. Part I – Proposal of criteria for ecological studies
Nine criteriawere selected for evaluating and comparing
geographical units in the context of ecological studies
investigating spatial associations between infectious dis-
ease occurrence and environmental characteristics. These
criteria were derived from a literature review and from dis-
cussions with experts in this ﬁeld. They cover theoretical
considerations (biological relevance), extrinsic consider-
ations (communicability of results, data access), covariate
distribution (intra-unit homogeneity), case and population
distribution (% of areaswith sufﬁcient population size, com-
pleteness of geocoded events, variation in population size),
and shape of area (variation in areal size, compactness).2.1. Criterion 1: biological relevance
Biological relevance was deﬁned as whether measured
exposure variables accurately and comprehensively depictthe hypotheses studied (Osypuk and Galea, 2007). Diverse
scales representing different processes might be of interest
when studying the spatial patterns of disease (Diez-Roux
et al., 2001; Osypuk and Galea, 2007). This criterion was
selected for reduction of measurement errors and thus
improvement of study validity (Osypuk and Galea, 2007).
The biological relevance criterion is more likely to be met
when geographical units are purposively created for the
problem under study. For example, the use of a geograph-
ical unit based on delineation of various landscapes would
probably be the most biologically relevant for studying the
inﬂuence of landscape characteristics on the risk of a par-
ticular disease.2.2. Criterion 2: communicability of results
The communicability of results was deﬁned as the de-
gree of familiarity of the geographical unit for various
end-users. Maps based on familiar frameworks do not need
additional information to be understood and the informa-
tion they convey is more easily grasped and recalled
(Lewandowsky et al., 1993). The exchange and translation
of information between researchers and public health
authorities or local stakeholders is considered to be an
important public health objective, allowing for efﬁcient
implementation of interventions (Lebel et al., 2007). The
evaluation of this criterion is highly dependent on the tar-
geted end-users. For instance, the use of watershed geo-
graphical units would be highly relevant for people
working in watershed management, whereas municipality
units are more appropriate for a general audience.
2.3. Criterion 3: data access
The availability of data was deﬁned as the possibility of
obtaining appropriate data in a timely manner, and is re-
lated to feasibility and validity issues. Data access includes
issues related to the availability of existent databases ver-
sus the need for ﬁeld sampling, the type of agreements re-
quired for data acquisition, the amount of time needed for
data validation and processing prior to analyses, and the
errors caused by transforming the data into the appropri-
ate geographical unit. Data access is usually maximized
by selecting available data that has already been collected
for other purposes, such as census data.
2.4. Criterion 4: intra-unit homogeneity
Intra-unit homogeneity was deﬁned as the level of
homogeneity in exposure variables within the areas form-
ing the geographical unit (Gauvin et al., 2007; Flowerdew
et al., 2008; Grady and Enander, 2009). When aggregated
data are used for the study of an underlying individual-
based model, high intra-unit homogeneity reduces the im-
pact of ecological bias from aggregated values as an
approximation for individual level data (Salway, 2003;
Riva et al., 2008). Furthermore, not all risk factors or deter-
minants of health, such as population immunity or social
environment, are reducible to individual level analogs
(Reijneveld et al., 2000; Osypuk and Galea, 2007). Such
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quently it is difﬁcult to draw meaningful boundaries for
their representation (Cockings and Martin, 2005). The in-
tra-unit homogeneity criterion is related to the statistical
power of the analysis, and assesses if the boundaries of
the geographical unit allow for the contrast of areas with
a maximum of variability in environmental characteristics
(Osypuk and Galea, 2007). Intra-unit homogeneity is max-
imized when the geographical unit used is purposively cre-
ated for the problematic under study, such as in the
landscape example given for the biological relevance
criterion.2.5. Criterion 5: percentage of areas with sufﬁcient population
size
The percentage of areas with sufﬁcient population size
was deﬁned as the proportion of all areas of the geograph-
ical unit with a sufﬁcient population to allow valid statisti-
cal comparisons of the local rates (i.e. for each area) with
the overall rate. This criterion was seen as important in
that it permits the detection of unexplained local clusters
of the disease that might warrant further investigation.
Also, areas with low population numbers can be affected
by unstable rates, meaning that slight perturbations in
the number of cases will cause a large impact on their inci-
dence estimates (Morris and Munasinghe, 1993; Gelman
and Price, 1999). This criterion is favored with larger scale
geographical units and is also optimized when units are of
approximately equal population size.2.6. Criterion 6: completeness of geocoded events
The completeness of geocoded events was deﬁned as
the proportion of health events that could be precisely
attributed to a single area of the geographical unit. Missing
values can lead to an underestimation of the health prob-
lem under study with potential loss of impact, but can also
distort spatial patterns if they are not missing at random.
Larger scale geographical units are expected to be less af-
fected by incomplete geocoded events. In fact, geocoding
with an incomplete address is often possible when larger
scale administrative units are used, but not for ﬁner scales
such as census blocks.2.7. Criterion 7: variation in population size
The variation in population size was deﬁned as the level
of similarity in the number of people living in areas consti-
tuting the geographical unit. A similar population size
across geographical units is a desirable property to reduce
bias in the identiﬁcation of spatial patterns (Boscoe and
Pickle, 2003). Moreover, regression models used in ecolog-
ical studies are generally based on certain distributional
assumptions, including, in some instances, the homogene-
ity of variance which in turn is generally related to the re-
gional population or sample size (Richardson and Monfort,
2000; Berke, 2004). Geographical units purposively created
to include an approximately equal population size per area,such as the census block, are expected to meet this
criterion.
2.8. Criterion 8: variation in the areal size
Variation in areal size was deﬁned as the level of simi-
larity between areas of the geographical unit. The homoge-
neity of areal size was selected for two reasons. First, from
an epidemiological perspective, various areal sizes are
likely to match different biological processes occurring at
different scales. Biological mechanisms essential to the dy-
namic of a disease process at one geographical scale can be
less important or absent at another scale (Gotway and
Young, 2002). Signiﬁcant variation in areal size will then
reduce the speciﬁcity of the measured associations, and
could also decrease their strength. Secondly, from a com-
munication perspective, the emphasis of a choropleth
map is put on large areas, creating a potential of visual bias
(Lewandowsky et al., 1993). Grid frameworks maximize
this criterion due to the identical size of cells. For adminis-
trative frameworks, this criterion is likely affected by var-
iation in population densities across the study area,
considering that largely populated areas are often divided
into smaller territories for services delivery (e.g. health
care, mail delivery).
2.9. Criterion 9: compactness
The compactness of unit shape is a measure of the geo-
graphical proximity of each part of the geographical unit
(Grady and Enander, 2009). This criterion was selected be-
cause many biological processes are expected to occur
within a relatively compact area, such as the living area
of humans or bacterial dissemination in the environment
from a point source. In addition, patterns from maps with
a more regular and simple structure are usually better
interpreted visually (Walter, 1993); for example, a grid
framework based on octagonal cells would provide a very
high level of compactness.
Four additional elements were also considered but not
kept as key criteria for geographical unit selection. The ﬁrst
element relates to the spatial distribution of unmeasured
confounders, for which a small amount of between-area
variability is required to reduce ecological confounding
bias in statistical estimates (Salway, 2003; Cockings and
Martin, 2005). However, it was viewed as difﬁcult to eval-
uate in most situations. The second was the relevance of
the geographical units for policy formulation and imple-
mentation (Cockings and Martin, 2005; Lebel et al., 2007;
Osypuk and Galea, 2007). This criterion overlaps with the
biological relevance and communicability criteria. Another
criterion was the internal homogeneity of disease rates, as
previously suggested for optimizing the visualization or
exploratory analysis of spatial patterns of diseases
(Cockings and Martin, 2005). However, although such
exploratory applications might enhance visualization, they
can be criticized as allowing the development of post hoc
hypotheses (Cockings and Martin, 2005). Acceptability of
the geographical unit relating to privacy issues was consid-
ered but was not selected because of the lack of published
information to guide its application.
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in Quebec, Canada
The above proposed criteria were also applied in a con-
current investigation aimed at a description of the spatial
distribution of human campylobacteriosis in relation to so-
cial and environmental characteristics. Brieﬂy, campylo-
bacteriosis is a leading cause of acute bacterial
gastroenteritis worldwide. Many animal species, including
poultry and cattle, can act as reservoirs of the bacteria. Hu-
mans can become infected by the ingestion of the bacteria
following exposure to contaminated food or water or to a
contaminated environment, including occupational expo-
sure (Skelly and Weinstein, 2003). Many environmental
factors, including density of farm animals, could thus inﬂu-
ence the regional risk of campylobacteriosis. However, no
initial consensus on the choice of the most appropriate
geographical unit for such analysis was reached in this
study (Arsenault, 2010).
3.1. Material and methods
3.1.1. Study area, time period and data collection
This study was conducted in the province of Quebec,
Canada, excluding non-organized territories, incompletely
enumerated Indian reserves and settlements, as well as
municipalities in the northern region of the province
(Nunavik). Following approval of the project by the re-
search ethics boards of the Agency for Health and Social
Services of Montreal and of the Faculty of Medicine of
the Université de Montréal, a total of 28,521 laboratory-con-
ﬁrmed human cases of campylobacteriosis between 1996
and 2006 inclusively were retrieved from the regional
health units. Cases were geocoded at various levels,
including the 6-digit postal code, municipality, Local
Community Service Center’s (CLSC), and health region.Table 1
Deﬁnition of exposure variables selected as of interest for the study of spatial dis
Variable Deﬁnition Sour
Agricultural characteristicsa
Beef cattle Number of beef cattle per km2 of populated area Mini
Dairy cattle Number of dairy cattle per km2 of populated area
Small
ruminants
Number of small ruminants (goats and sheep) per
km2 of populated area
Poultry Total number of hens, broilers and turkeys per km2
of populated area
Pasture Percentage of populated area used as pasture
Demographic variables
Low income Percentage of people in private households, as
deﬁned by Statistics Canada
Stati





Number of people per km2 of populated area
Climate variables




Precipitation Average of the total daily precipitation in mm
a Only farm animals from registered enterprises were considered. The numbe
values available upon request).
b Data after this period were not available at time of data collection.Population data were obtained from Statistics Canada on
the level of dissemination area (i.e. small homogeneous
areas partitioning municipalities for census purposes) for
the census years 1996, 2001, and 2006. Explanatory
variables are presented in Table 1.
3.1.2. Selection of geographical units
As a ﬁrst step, all geographical frameworks commonly
used in ecological studies were considered for our analysis.
For this purpose, a literature review was performed using
the Medline database for the years 1990–2009 inclusively
and using the keywords ‘‘spatial’’ and ‘‘incidence’’ or ‘‘prev-
alence’’ as well as ‘‘risk’’ or ‘‘determinant’’. Geographical
units were listed from studies of ecological associations be-
tween the occurrence of human infectious diseases and
environmental characteristics, and limited to diseases with
potential environmental sources. Only studies with the re-
quired information written in English or French were con-
sidered. Following discussions between co-authors, other
geographical units and frameworks not commonly used
in the studies retrieved but considered appropriate for eco-
logical analyses were also added to the list.
3.1.3. Operationalization of criteria
The method used for the operationalization of each cri-
terion is summarized in Table 2. The intra-unit homogene-
ity of exposure variables was measured by intra-class
correlation coefﬁcients, which allows the partitioning of
the variance of a variable into its different hierarchical lev-
els (Diez-Roux et al., 2001). For the agricultural variables,
one value was calculated over time for each dissemination
area and was then dichotomized (presence/absence). Two-
level random intercept logistic models were built using
2nd order penalized quasi-likelihood estimation (MLwiN
2.20), with dissemination areas and areas of the geograph-
ical unit as the two random levels. The 38 municipalitiestribution of campylobacteriosis in Quebec, Canada, 1996–2006.
ces of data (years of collection)
stry of Agriculture, Fisheries, and Food of Quebec (1998, 2001, 2004)
stics Canada (2001)
stics Canada (1996, 2001, 2006)
onal Land and Water Information Service of Agriculture and Agri-Food
da (1996–2003 inclusivelyb)
r of animals was set to zero for farms with marginal production (cut-off
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tural activities were excluded from this analysis. Dichoto-
mization of the agriculture variables, aggregation over
time and exclusion of large urban areas were done based
on preliminary analysis (i.e. data were highly skewed to
the right, >96% of dissemination areas had the same value
(presence/absence) for animal production over census
years, and there was absence of variability in space or time
for large urban areas). The intra-class correlation coefﬁ-
cients were estimated using a simulation-based method
programmed in SAS 9.2 for logistic models (Browne et al.,
2005). For the demographic and climate variables, three le-
vel random intercept normal models were built in MLwiN
2.20 with years, dissemination areas, and areas of the geo-
graphical unit as the random levels. The only exception
was for low-income percentage, for which a two-level
model was built since data were only available for 2001.
Data were modeled on their original scale, with the excep-
tion of the low income variable for which data were
log-transformed to improve normality. The intra-class cor-
relation coefﬁcients were then estimated using standard
methods for normal models (Snijders and Bosker, 1999).
For all models, normal probability plots of standardized
residuals at each level were visually assessed to detect
departure from normality assumption. For logistic models,
the assumption of binomial variation at the lowest level
was evaluated by estimating the extra-binomial variation
parameter.
3.1.4. Overall assessment of performance
The criteria were standardized to a 0–100 score scale
for comparison where 0 represents the minimal and 100
the maximal (i.e., best) theoretical value (Table 2). For cri-
teria that did not have a well-deﬁned maximal (or mini-
mal) value, the maximal (or minimal) value observed
between the geographical units evaluated was used for
standardization. Criteria focusing on related concepts were
grouped into 5 categories (Table 2) because correlation
was expected in their estimated performance. An average
performance value was calculated for each category. Cate-
gory averages were then averaged by type of measure
(semi-quantitative or quantitative) and overall, to get an
assessment of each geographical unit.
3.2. Results
3.2.1. Selection and deﬁnition of geographical units
The Medline search for ecological studies on human
infectious diseases having an environmental link retrieved
a total of 51 scientiﬁc articles and an additional 7 known
by authors were added to the list. Most of these studies
(n = 39) were based on political or census frameworks,
including counties, districts, municipalities, villages, and
provinces, whereas others used a grid framework (n = 4),
mail delivery framework (n = 3), health service units
(n = 2), or various local neighborhoods (n = 2). Based on
this review, geographical frameworks commonly used for
ecological study of infectious diseases in relation to envi-
ronmental characteristics can be divided into administra-
tive (including census-based or administrative, mail
delivery, health services frameworks), and custom gridtypes. Census-based or political frameworks are hierarchi-
cal and deﬁned by governmental authorities for census
purposes and/or political divisions. The boundaries of cen-
sus generally follow the political divisions of the territory
at various scales (e.g. provinces, cities) and are also subdi-
vided into smaller census areas. Most of the studies re-
trieved have used census-based frameworks, mostly at
the municipality/village level or at a higher level of aggre-
gation. Examples include studies on spatial patterns of
giardiasis, Escherichia coli infection, and campylobacterio-
sis in Canada (Michel et al., 1999; Bavia et al., 2001;
Valcour et al., 2002; Odoi et al., 2003; Guimaraes et al.,
2006; Wu et al., 2007; Clements et al., 2008; Wang et al.,
2008; Pearl et al., 2009). Mail delivery frameworks repre-
sent division of the territory using postal codes for efﬁcient
mail delivery. In general, the ﬁrst part of the postal code
indicates large and non-overlapping areas, whereas the
last part is for point of delivery or speciﬁc mail routes
within the area. The use of the mail delivery framework
(i.e. zip codes) was reported for the study of Lyme disease,
giardiasis, cryptosporidiosis, and West Nile virus in the
United States (Naumova et al., 2000; Eisen et al., 2006;
Winters et al., 2008). Health services frameworks are hier-
archical frameworks deﬁned for health services delivery.
Boundaries generally follow political boundaries. They
were used for the study of spatial patterns of Crohn’s dis-
ease in Quebec, Canada (Lowe et al., 2009) and of crypto-
sporidiosis in England (Naumova et al., 2005). Finally,
custom grids are division of the territory by a plane net-
work of lines forming cells of identical shape and size.
The grid frameworks are often used along with covariates
measured from remote sensing data. Examples are for
leishmaniasis in Brazil (Thompson et al., 2002), West Nile
virus in the United States (LaBeaud et al., 2008), cholera
in Zambia (Sasaki et al., 2009), and lymphatic ﬁlariasis in
India (Srividya et al., 2002).
Among these frameworks, only the administrative and
health services frameworks were selected for our case
study. The mail-delivery framework was not included,
mostly because of issues related to completeness of geo-
coded events, shape of unit, and data availability. In fact,
for mail delivery frameworks, the percentage of non-miss-
ing values for the 6-digit postal code ranged from 8% to
99% (median of 75%) according to health regions, leading
to a great potential of bias on spatial patterns. Moreover,
postal code areas were often unstable in time and some-
times made of non-adjacent multi-part polygons, bringing
additional complexity to geocoding cases. In addition, for
the 6-digit postal code areas, population data by age, gen-
der, and socio-economic data were not available from cen-
sus data, and precision in those areas was not higher
compared to municipality in rural areas where agricultural
production takes place. Grid frameworks were also ex-
cluded because of the difﬁculties in allocating cases and
population data. In fact, only aggregated data were avail-
able for cases and population within a framework consti-
tuted of polygons of various shape and size, necessarily
leading to some spatial misalignment with the boundaries
of any regular grid. Thus, an algorithm would have been
needed for case allocation based on some hypotheses
about case and population spatial distribution. Such
Table 2
Operationalization of the criterion for comparing geographical units for the study of campylobacteriosis in Quebec, Canada, 1996–2006.
Score Standardized score
Criterion Deﬁnition of measure Targeta Type Range
Theory
Biological relevance Relevance of the unit based on current understanding of campylobacteriosis transmission pathways in relation to
exposure variables selected (0 = irrelevant; 1 = relevant).
Max. Binary {0,1} Score  100
Extrinsic consideration
Communicability of results General use of the spatial unit in the population (0 = custom; 0.5 = not commonly used or speciﬁc to some
disciplines; 1 = commonly used)
Max. Ordinal {0,0.5,1} Score  100
Data access Facility to obtain data on cases and exposure variables (0 = agreement needed for all; 0.5 agreement needed for
some; 1 = otherwise).
Max. Ordinal {0,0.5,1} Score  100
Exposure variable distribution
Intra-unit homogeneity Mean intra-class correlation coefﬁcient (%) of exposure variables at the between-area level. Max. % [0,100] Score
Case and population distribution
Percentage of areas with
sufﬁcient population
size
Percentage of areas with a minimum average population over census years for valid comparison with overall rate.
Minimum population was calculated as z2a=2ð1 PHÞ=PH , where za/2 is the value of the standard normal
distribution (a = 0.05) and PH is the overall rate of the disease (Pompe-Kirn et al., 1981).
Max. % [0,100] Score
Completeness of geocoded
events
Overall % of cases with sufﬁcient information for allocation to a single area. Max. % [0,100] Score




Variation in areal size Coefﬁcient of variation (%) of the log-transformedb size of areas. Min. % [0,1] 1 ScoreScoremax
 
 100
Compactness Median shape statistic of areas, deﬁned as:
P
q2k=Ak , where qk is the perimeter of zone k and Ak is its area (Grady
and Enander, 2009).
Min. Continuous [12,1] 1 Score12Scoremax12
 
 100
a Max. = maximized, Min. = minimized.
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resolution grids, which was not possible to quantify based
on data available. Moreover, no grid framework was seen
as attractive enough in a biological or practical perspective
to overcome this drawback.
In addition to commonly used frameworks, two other
geographical units based on natural frameworks were also
included (i.e., watershed and ecodistricts) as three custom
frameworks (Table 3). The ‘‘smallest unit’’ custom frame-
work was created with the objective of having the smallest
areas at which case residency could be reliably located. In
order to do so, we intersected themunicipality and the CLSC
boundary ﬁles. If larger municipalities had more than one
CLSC, areas followed CLSC boundaries; otherwise they fol-
lowed municipal boundaries. Furthermore, two ‘‘agricul-
tural’’ custom frameworks were created by merging
similar adjacent geographical areas in terms of agricultural
production. This was justiﬁed by the case study, in which
the emphasiswasput on the investigation of the importance
of agricultural production in the risk of campylobacteriosis.
Each area from the smallest unit framework was classiﬁed
according to their covariate patterns for the presence/ab-
sence of various animal production and pasture land use.
Adjacent areas belonging to the same class were merged,
based on rook contiguity criterion, forming the ‘‘agriculture
1’’ geographical unit. Due to the important correlation ob-
served between dairy cattle, beef cattle, and small ruminant
production, an alternative geographical unit was created,
named ‘‘agriculture 2’’, by merging the adjacent areas with
similar values for thepresence/absenceof ruminantproduc-
tion, poultry production, and pasture use.Table 3
Description of geographical units compared in the study of campylobacteriosis sp
Geographical units na Description and sources of geographical da
Administrative
Municipality 1063 Municipalities (as determined by provincia
municipality for statistical reporting purpo
Consolidated census
division
903 Grouping of adjacent census subdivisions. G
etc.) are combined with the surrounding, l
level between the census subdivision and
Census consolidated
subdivision
97 Grouping of neighboring municipalities joi
common services (such as police or ambul
Health services
CLSC 155 Local Community Service Center (CLSC) dis
Quebec. CLSC has the mission to provide lo
Quebec’s Ministry of Health and Social Ser
Health region 15 Health and social service regions are territo
development agency. Source: Statistics Can
Natural
Watershed 71 Drainage area boundaries at the sub-sub-b
volume of mean annual discharge. Source:
Remote Sensing, The Atlas of Canada, 2007
Ecodistrict 28 The smallest subdivision of the ecological
climate, relief, landforms, geology, soil, veg
Canada, 1996
Custom
Smallest 1119 Equivalent to municipality or CLSC depend
Agriculture 1 580 Aggregated adjacent areas from the smalle
species, classiﬁed as present/absent), pastu
Agriculture 2 319 Aggregated adjacent areas from the smalle
species, all ruminants combined, classiﬁed
(yes, no)
a Number of areas forming the geographical unit for the studied area.A geographic boundary ﬁle for each geographical unit
was created from the ‘‘smallest units’’ of the geographical
ﬁle. This ensured a similar level of detail in the boundaries
of various geographical units. For watersheds and ecodis-
tricts, the boundaries of the original geographical ﬁles
did not perfectly match with the ones of the ‘‘smallest
units;’’ each ‘‘smallest unit’’ was then attributed the single
watershed or ecodistrict covering its largest populated
area. The study area and two of the geographical units
studied are illustrated in Fig. 1.
3.2.2. Evaluation of criterion for each geographical unit
The performance of each geographical unit by criterion
is presented in Table 4. For biological relevance criteria,
four geographical units were regarded as relevant. Munic-
ipality—since water treatment plants and distribution sys-
tems are managed at this administrative level, and the
transmission of Campylobacter through drinking water
contaminated by farm animals is plausible. Also, munici-
pality is a politically signiﬁcant unit for service distribu-
tion, including parks, recreation, and environmental
protection (Osypuk and Galea, 2007), and thus can be seen
as a living area where people are likely to be exposed to a
similar risk of environmental contamination. Watersheds—
since natural water sources are often contaminated with
Campylobacter and are suspected as a source of the bacteria
for humans through drinking or recreational activities.
Ecodistricts—since ambient temperature and precipitation
were selected as exposure variables of potential interest
for campylobacteriosis, and ecodistricts were designed
according to many ecological variables including climate.atial distribution in Quebec, Canada.
ta
l legislation) or an area that is deemed to be equivalent to a
ses (e.g. cities, cantons). Source: Statistics Canada (2006)
enerally the smaller, more urban census subdivisions (towns, villages,
arger, more rural census subdivisions in order to create a geographic
the census division. Source: Statistics Canada (2006)
ned together for the purposes of regional planning and managing
ance services). Source: Statistics Canada (2006)
trict, which is the smallest health-related geographical division in
cal front-line health and social services to their population. Source:
vices, 2004
ries under the jurisdiction of a local health and social services network
ada (2006)
asin level based on classic drainage basins having certain minimum
Government of Canada, Natural Resources Canada, Canada Centre for
framework proposed in Canada, created by distinctive assemblage of
etation, water bodies, and fauna. Source: Agriculture and Agri-Food
ing on which is the smallest
st framework based on similarity of agricultural production (by animal
re use (yes/no) and inclusion of urban area (yes, no)
st framework based on similarity of agricultural production (by animal
as present/absent), pasture use (yes/no) and inclusion of urban area
Fig. 1. Illustration of the study area for the comparison of various geographical units for the ecological study of campylobacteriosis in Quebec (each color
represents a single unit; grey is for unpopulated or excluded areas within Quebec; beige is for boundary areas). Top: division by municipalities. Bottom:
division by ecodistricts.
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production—since adjacent areas with similar animal pro-
duction are likely correlated in their underlying environ-
mental risk of campylobacteriosis.
For the communicability criterion, only the municipali-
ties and CLSC geographical units were regarded as highly
suitable since they are commonly used by the general pop-
ulation for administrative needs or health care seeking. The
geographical units derived from the other standard frame-
works were seen as not commonly used in the general
public or speciﬁc to some disciplines (i.e. ecological or
hydrological frameworks).For data access, data on cases were obtained following a
formal agreement with the regional health districts for all
geographical units. For exposure variables, most were di-
rectly available from governmental authorities without
the need of any formal agreement. The only exception
was for data on agriculture, for which census data were
not publicly available at smaller scales and thus we relied
on the database of the Ministry of Agriculture, Fisheries
and Food of Quebec, which required a permit under the Ac-
cess to Information Act.
For the evaluation of intra-unit homogeneity criterion,
the ﬁt of all models was adequate according to visual
Table 4
Standardized score of criterion comparing various geographical unitsa for the ecological study of campylobacteriosis in Quebec, 1996–2006.


















Biological relevance 100 0 0 0 0 100 100 0 100 100
Average 100 0 0 0 0 100 100 0 100 100
Extrinsic considerations
Communicability of results 100 50 50 100 50 50 50 0 0 0
Data access 0 50 50 0 50 0 0 0 0 0
Average 50 50 50 50 50 25 25 0 0 0




Agriculture 42.6 37.2 22.3 23.9 7.7 17.4 16.2 43.4 38.7 41.6
Demographic 44.8 31.9 28.0 39.5 16.5 28.6 24.2 61.0 34.0 39.1
Climate 52.1 52.4 53.7 53.2 46.8 50.5 46.2 52.0 52.1 54.0
Average 46.5 40.5 34.7 38.8 23.7 32.2 28.9 52.1 41.6 44.9
Case and population distribution
% of areas with sufﬁcient population
size
58.5 59.7 100 100 100 90.1 92.9 60.4 72.6 79.3
Completeness of geocoded events 99.3 99.4 99.3 98.8 100 98.6 98.7 98.6 98.7 98.7
Variation in population size 18.4 17.7 56.7 62 67.9 5.3 0 11.4 9.8 3.9
Average 58.7 58.9 85.3 86.9 89.3 64.7 63.9 56.8 60.4 60.6
Shape of areas
Variation in areal size 38.6 61.8 69.6 0.0 63.5 67.7 56.0 33.5 23.9 1.9
Compactness 83.9 84.5 63.4 70.2 0.0 52.7 7.4 83.6 79.8 77.3
Average 61.3 73.2 66.5 35.1 31.7 60.2 31.7 58.6 51.8 39.6
Subtotalc 55.5 57.5 62.2 53.6 48.2 52.3 41.5 55.8 51.3 48.4
Overall score (rank)d 63.3 (1) 44.5 (7) 47.3 (6) 42.2 (8) 38.9 (9) 56.4 (2) 49.9 (4) 33.5 (10) 50.8 (3) 49 (5)
a ‘‘Municipality’’ and ‘‘Consolidated census’’ are administrative units based on census divisions; ‘‘CLSC’’ (Local community service centers) and ‘‘Health region’’ are administrative units for health care service
delivery; ‘‘Watershed’’ represents drainage areas at the sub-sub basin level; ‘‘Ecodistrict’’ is the smallest division of a Canadian ecological framework; ‘‘Smallest’’ is equivalent to ‘‘Municipality’’ or ‘‘CLSC’’
depending on which is the smallest; ‘‘Agriculture 1’’ and ‘‘Agriculture 2’’ represents aggregated adjacent areas from the smallest framework based on similar agricultural characteristics (see Table 3 for more
details).
b Deﬁnitions of criterion are in Table 1.
c Subtotals are mean values of the average by categories, calculated separately for criterion measured semi-quantitatively and quantitatively.
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applicable of the extra-binomial parameter (estimated to
0.9 on average). Results are summarized in Table 5.
The minimum population size required for each area
was estimated to 1001 people. This number is based on
the overall cumulative incidence of reported cases of cam-
pylobacteriosis in Quebec, estimated at 382.2 per 100,000
people over the 11 years of our data.4. Discussion
4.1. Should other geographical units be considered?
Various geographical units were selected and compared
for the study of the spatial distribution of campylobacteri-
osis. One of the limits we faced in selecting them was the
precision of geocoding available in surveillance databases
for place of residence of cases. In Quebec, the most precise
information was the 6-digit postal code. However postal
code areas are not hierarchically nested within census
frameworks. Therefore, we argue that these databases
should be supplemented by another ﬁeld at a small scale
within the census framework, such as the census blocks.
This would have many advantages, including a large in-
crease in ﬂexibility for delineating geographical units and
a reduction of errors in allocating cases to speciﬁc areas.
A larger ﬂexibility does not necessarily mean that smaller
scale units should be privileged, since the smallest units
are not necessarily the most relevant in a biological
perspective.
The agriculture-based custom geographical units were
created to have homogeneous geographical areas in terms
of agricultural production, while reducing the instability in
rate estimates. We chose to delineate our units in a very
simplistic way. The use of a spatially constrained clustering
algorithm was ﬁrst seen as an attractive option. We tried
this option in the BoundarySeer software, using the Stein-
haus or mismatch dissimilarity metrics (TerraSeer Inc.,
2001). However, results were not satisfactory, as the eval-
uation of the goodness of ﬁt index did not converge to a
maximum in order to determine the optimal number of
clusters. These custom frameworks performed very well
in terms of intra-unit homogeneity of agricultural vari-
ables, but were not adequate in terms of shape of areas.
The use of additional criteria such as minimal population
size or compactness might have provided better results.
However, software currently available for zoning areas
including such criteria are not suitable for variables not
normally distributed, and implementation of an adequate
algorithm was beyond the scope of our study (Flowerdew
et al., 2008; Grady and Enander, 2009).4.2. Relative performance of geographical units
4.2.1. Theory
The evaluation of biological relevance was rather
subjective for two reasons. First, the scale and inﬂuence
level of various sources of Campylobacter on environmental
contamination is still elusive to a large extent (Skelly and
Weinstein, 2003). This limits the potential of deﬁninggeographical units based on the extent of environmental
contamination. Second, residents often travel beyond the
boundaries of their neighborhood on a daily basis, so not
only should the level of environmental contamination at
place of residence be taken into account, but also at other
places where people can contract campylobacteriosis such
as work/school, and public spaces (Osypuk and Galea,
2007). The smaller the areas forming the geographical unit,
the more likely a discrepancy will occur between where
the case was actually contracted and where it was allo-
cated. Indeed, the smallest scale of ecological study should
correspond to some ‘‘area of living’’, which would ﬁrst
need more research for its delineation, especially in rural
areas (Lebel et al., 2007). Despite these facts, the choice
of geographical unit should be strongly dependent on the
speciﬁc environmental hypotheses tested to insure validity
in the interpretation of results. However, this criterion
might not be relevant when geographical epidemiological
studies are used solely as an exploratory tool to get infor-
mation about the various scales at which disease processes
occur.
4.2.2. Extrinsic consideration
The relevance of communicability of results and data
access critera likely depends on whether the ecological
study is conducted from an applied or fundamental per-
spective. In fact, these criteria could be less relevant when
the objectives are to reﬁne the theory underlying the spa-
tial distribution of the disease and to ﬁnd areas of unex-
plained risk for generating hypotheses. In this context,
the timeliness of data access and communication to the
general public should not be prioritized at the expense of
other criteria related to study validity. For the operational-
ization of the data access criterion, we did not consider is-
sues related to the need for integrating various dataset
available from different frameworks, although it would
likely need strong consideration in other contexts (Gotway
and Young, 2002). In our study, data processing was rather
straightforward because data were available as point data,
raster data, or as regional data for various hierarchical sub-
divisions of the units.
4.2.3. Covariate distribution
The evaluation of the intra-unit homogeneity criterion
revealed a high variability in the proportion of total vari-
ance attributed to the between-unit level for agricultural
variables, ranging from 7.7% of health regions up to 43.4%
for the smallest unit. A similar trend was seen for demo-
graphic variables. Any increase in the size of the areas
tends to signiﬁcantly reduce the intra-unit homogeneity
of the agricultural variable. However, for climate variables,
all geographical units performed very similarly, reﬂecting
the nature of climate as a large scale phenomenon. This
might also be a consequence of the interpolation method
used to generate the data from sparse meteorological sta-
tions. The intra-unit homogeneity criterion also gave us
an assessment of our a priori choice of study time period,
which was selected as a tentative compromise for stable
rate estimates in small areas while keeping exposure vari-
ables relatively constant. For agricultural and population
density variables, very little variance was observed over
Table 5
























Beef cattle (yes/no)  0.23 N/A 41.0 38.3 25.8 29.1 8.5 22.5 21.0 41.6 40.5 40.6
Dairy cattle (yes/no)  0.23 N/A 42.1 39.6 26.8 29.5 10.5 20.3 26.2 42.9 41.4 42.3
Small ruminants (yes/
no)
 0.15 N/A 31.0 28.9 15.3 15.3 4.0 10.7 7.1 31.7 27.2 33.8
Poultry (yes/no)  0.10 N/A 58.2 41.3 17.6 16.8 6.8 10.4 4.5 59.2 44.2 51.6
Pasture (yes/no)  0.24 N/A 40.9 37.8 25.8 28.6 8.8 23.2 22.2 41.5 40.2 39.7
Demographic variablesd
Low income (log%)  58.4 N/A 7.6 5.2 6.5 38.2 6.6 3.9 2.6 25.6 9.8 9.4
Education (%)  211.8 36–40 36.5 27.0 22.9 38.1 11.9 24.4 21.7 43.5 29.5 33.3
Population density
(people/km2)




 3.33 23–28 72.7 72.0 73.6 76.3 65.5 69.2 64.5 73.3 69.0 72.4
Average precipitation
(mm)
 0.15 65–70 31.5 32.9 33.8 30.1 28.1 31.8 27.8 30.8 35.1 35.6
a Deﬁnitions of various geographical units are in Table 3.
b Range of the percentage of variance at the year level according to various models.
c Two-level logistic models (n = 7407 dissemination areas), excluding large cities with no agriculture.
d Two-level normal model (n = 13,014 dissemination areas) for low-income; three-level normal model for education and density (n = 13,014 dissemination areas and 3 years).
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the climate variables, and especially for precipitation, a
smaller time period would also have been more appropri-
ate considering that approximately 25–65% of the total
variance was at the year level. Likewise, for education, a
large proportion of the variance was attributed to time
and we suspected a similar situation for low income. In
fact, the overall low income percentage in Quebec was re-
ported to have decreased from 23.5% in 1996 to 17.2% in
2006 (Statistics Canada, 2007). On the other hand, socio-
economic variables can also be considered as potential
confounders; in this view, the relatively low variance at
the between area-level is a desirable property. For all vari-
ables, the evaluation of the intra-unit homogeneity criteria
was based on small subdivisions of areas, but still on
aggregated data. Thus, the estimated percentage of total
variation attributed to between areas was potentially
overestimated.
4.2.4. Case and population distribution
The percentage of areas with a sufﬁcient population size
for a valid comparison with the overall rate ranged from
58.5% to 100%. Thus, even with an 11-year data aggrega-
tion, the detection of small local clusters of the disease
might suffer from low power for many geographical units.
The grading of geographical units based on minimal popu-
lation size was almost in total discrepancy with the ones
based on variance partition and compactness criterion,
underlining the need for a compromise or prioritization
of criteria.
The completeness of geocoded events was not an
important issue in discriminating geographical units; how-
ever, it would have been useful for other frameworks
requiring the 6-digit postal code for allocating cases. This
criterion would ideally be reﬁned as the completeness of
correctly geocoded events, considering that in the urban
area of Montreal in Quebec, a higher percentage of geocod-
ing errors in reported cases of campylobacteriosis was ob-
served with smaller geographical units (Zinszer et al.,
2010). However, we did not have access to the complete
address to allow error detection for geocoding.
The heterogeneity in population size was variable
across geographical units, with no clear association with
the performance of other criteria. Interestingly, the census
division and health regions were homogeneous for both
population and area size.
4.2.5. Shape of areas
The two criteria relative to shape of areas tended to give
opposite results, with geographical units more uniform in
size tending to be less compact. This might be a ﬁnding
speciﬁc to our study area, characterized by the presence
of low-populated coastal areas. Units at a larger scale were
generally more similar in terms of size, but since they were
made from aggregated units at a smaller scale, they tended
to be in an elongated form (and thus less compact) in most
coastal areas (Ref. Fig. 1). However, for speciﬁc situations
such as the use of watersheds for testing waterborne expo-
sure, the compactness criterion is irrelevant since the nat-
ural process is in a more linear shape. The same would be
true for a hypothesis related to road network.4.3. Which geographical unit should be used?
In this case study, the geographical unit having the
overall best ranking across all criteria was municipality,
followed by watershed and agriculture-based units. How-
ever, depending on the context of the study, other geo-
graphical units would be recommended. For example, if
one needs to maximize the intra-unit homogeneity in agri-
cultural variables, then the municipality, census consoli-
dated subdivisions, smallest units, and agriculture-based
geographical units would all be viewed as appropriate. In
contrast, if detection of a local area of unexplained risk is
important, the census division, CLSC, and health region
would be recommended based on the percentage of areas
with sufﬁcient population size. Studies on spatial distribu-
tion of campylobacteriosis do not need to be restricted to a
single framework or scale. The use of multi-level analysis
could be considered as well when multiple hierarchical
geographical units are relevant for different explanatory
variables included in the model. Keeping in mind the dis-
tinctive properties of each geographical unit, the compari-
son of results conducted with the different units is viewed
as an empirical way to evaluate the relative importance of
each criterion and also to improve our understanding of
the spatial distribution of campylobacteriosis. A compara-
tive analyses was thus undertaken and results are pre-
sented elsewhere (Arsenault et al., 2012).
It should be noted that we measured criteria for biolog-
ical relevance, communicability of results, and ease of data
access in a qualitative way, using a binary or ordinal scale.
Those criteria were important, but difﬁcult to measure.
Consequently, a lot of weight could have been put on them
while estimating an overall performance score. When con-
sidering only criteria measured quantitatively, the best
performing geographical unit was the census division,
and the municipality ranked in 4th position (Table 4). A po-
tential improvement would be to set a minimal acceptable
value in an epidemiological perspective for each criterion,
and then to standardize the individual performance in a
0–100 score where a 0 corresponds to this minimal accept-
able value. The use of multi-criteria analysis could also be
helpful. A weighing scheme could also be developed to
weigh criteria proportionally to their impact on the valid-
ity of study results.5. Conclusions
We proposed a set of criteria for informing the choice of
geographical units of analysis in an explicit and transpar-
ent manner, and showed the usefulness of our proposal
by applying it to campylobacteriosis in Quebec. The signif-
icance of this study is twofold: it is the ﬁrst proposal of cri-
teria useful in choosing geographical units of analysis for
ecological correlation studies; and the proposed criteria
provide some guidance for this difﬁcult task, and poten-
tially allow for a better understanding of the strengths
and weaknesses associated with alternative geographical
units. Depending on speciﬁc objectives of the ecological
study for which geographical units are selected, we are
aware that different weights could be attributed to our
J. Arsenault et al. / Spatial and Spatio-temporal Epidemiology 7 (2013) 11–24 23criteria, and that some of these criteria could at times be
irrelevant. We identiﬁed some research avenues that
would be helpful in improving the choice of geographical
units. In particular, the theory behind the spatial distribu-
tion of disease needs to be better deﬁned and also the rel-
ative impact of departure from the ideal scenario for each
criterion on study validity.
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